Background: Glucose intolerance and apolipoprotein ε4 allele (E4+) are risk factors for Alzheimer's disease (AD). Insulin sensitizers show promise for treating AD, but are less effective in E4+ individuals. Little is known about how the APOE genotype influences glucose metabolism. Methods: Cross-sectional analysis of 319 older adults who underwent oral glucose tolerance tests; a subset had insulin, amyloid beta (Aβ 42 ), and Mini Mental Status Examination. Glucose and insulin patterns with respect to cognitive diagnosis, E4 status, and sex were examined with analysis of covariance and Pearson correlation. Results: People with cognitive impairment had higher fasting insulin levels. E4 status did not affect fasting glucose values, whereas men had higher fasting glucose levels than women. E4+ men had the lowest and E4+ women had the highest glucose levels, compared to E4-groups; insulin did not differ by sex or E4 group. E4 status and sex moderated correlations between metabolic measures and AD risk factors including age and Aβ. Conclusions: Insulin resistance was associated with cognitive impairment, and sex, E4 status, and glucose values are interrelated in older adults at risk of AD. Understanding glucose metabolism for different APOE and sex groups may help elucidate differences in therapeutic responses.
Introduction
Carriage of the ε4 allele of the APOE gene (E4+) and states of glucose intolerance and insulin resistance are risk factors for Alzheimer's disease (AD) [1] [2] [3] [4] . Individuals with AD demonstrate low levels of brain insulin and increased markers of brain insulin resistance, irrespective of E4 status [3, 5, 6] . It is known that prolonged peripheral hyperinsulinemia is associated with lower insulin levels in the cerebrospinal fluid (CSF); however, this inverse relationship between plasma and brain insulin is not as strong in E4 carriers [6] [7] [8] [9] . In addition, E4+ individuals with AD are less likely to benefit from insulin-related therapeutics [10] [11] [12] [13] [14] .
Little is known about whether the APOE genotype modulates peripheral glucose and insulin metabolism, and subsequently insulin-related AD pathology. As the 2-hour oral glucose tolerance test (OGTT) is a sensitive measure of glucose tolerance, we constructed a convenience sample of older adults with a known APOE genotype whose glucose and insulin levels were measured during an OGTT. This study was designed to investigate whether the E4 status moderated OGTT values, and to determine whether the relation between glucose intolerance and AD risk factors was influenced by E4 status. We also wanted to examine whether sex played a role in the relation between E4 status and glucose tolerance, as sex influences the AD risk of E4 status, and the interaction of sex and E4 status influence responses to intranasal insulin in AD [15, 16] .
Here, we show that individuals with cognitive impairment (CI) have higher levels of fasting insulin, consistent with the known link between insulin resistance and AD. We also show that E4 status influences glucose tolerance, and the relationships between OGTT glucose values, age, and plasma amyloid-β 42 (Aβ 42 ). Furthermore, these relationships are moderated by sex, with E4+ women displaying higher OGTT glucose values and E4+ men lower glucose levels, compared to E4-groups. Understanding how the APOE genotype influences glucose and insulin metabolism may help us understand the pathogenesis of AD, which may involve both peripheral and brain insulin resistance factors.
Methods

Participant Characteristics
The query of a de-identified database of participants who were enrolled in a variety of studies regarding metabolism and cognition revealed 319 people who had undergone an OGTT as part of a baseline screening evaluation with glucose values at 0, 60, and 120 min, and for whom data were available regarding age, BMI, APOE genotype, and cognitive diagnosis. Cognitive diagnoses included normal cognition (NC), mild CI (MCI), and early AD, as determined in a consensus conference by a team of neuropsychologists and physicians. Mini Mental Status Examination (MMSE) scores, fasting plasma Aβ 42 , and insulin were available for a subset of participants. All participants for this query were free of diabetes and were not taking diabetes medication. In addition, all women included in this query were postmenopausal.
Measures of Glucose, Insulin, Aβ 42 , and APOE Genotype
Participants underwent a 75-gram 2-hour OGTT after an overnight fast. Blood samples were obtained through an intravenous catheter and plasma glucose was measured using the glucose oxidase method (Beckman Instruments, Fullerton, Calif., USA) [17] . All participants had glucose values measured at 0, 60, and 120 min. For some individuals, insulin was measured via radioimmunoassay as described by Kuzuya et al. [18] for three time points (202 individuals for fasting insulin, 141 individuals for 60 and 120 min). For those who had fasting insulin, the homeostasis model assessment insulin resistance (HOMA-IR) index was calculated with the following formula: fasting insulin (in μU/ml) × fasting glucose (in mg/dl)/405 [19] .
Plasma Aβ 42 was measured with an ELISA technique using a rabbit polyclonal antibody to capture nonspecific Aβ followed by an Aβ 42 -specific 6E10 mouse monoclonal antibody (Signet Laboratories, Dedham, Mass., USA). APOE testing was conducted by the genotyping core of the University of Washington Alzheimer's Disease Research Center. In brief, DNA was extracted from buffy coat preparations and subjected to PCR amplification with primer sequences and methods as per Hixson and Vernier [20] .
Statistics
Baseline measures were compared among groups using χ 2 statistics and analyses of covariance (ANCOVAs), with cognitive diagnosis (NC or CI), E4 status (E4+ or E4-), and sex as categorical variables, and age and BMI as covariates. When applicable, p values from the type III sum of squares were given (SAS 9.3, Cary, N.C., USA). Time point outcomes were analyzed by repeated-measures ANCOVA, with cognitive diagnosis, E4 status, and sex as categorical variables, glucose and insulin as dependent variables, time (0, 60, and 120 min) as the repeated factor, and age and BMI as covariates. Correlations were analyzed using Pearson statistics in SAS, and we examined all scatter plots to ensure no statistical outliers underlied the findings. Table 1 shows the baseline demographics of the 319 participants by E4 status (positive or negative) further subdivided by sex. Comparisons between groups were made using χ 2 tests for the categorical variable of cognitive diagnosis (NC and CI, which included both MCI and AD), and ANOVA for the continuous variables. There were more individuals with CI in the E4+ compared to the E4-groups (χ 2 , p = 0.036); however, the average MMSE scores were similar. For clarity, we combined the cognitive groups for the baseline demographics, as for most analyses cognitive diagnosis did not affect results. The men were significantly older than the women (E4-men > E4-women, p = 0.0002; E4+ men > E4+ women, p = 0.0022). BMI and plasma fasting Aβ 42 did not differ among groups. 
Results
Baseline Demographics
Fasting Measures of Glucose and Insulin
All participants had measures of fasting glucose. A subset also had fasting insulin (n = 202), and for those participants, we calculated the HOMA-IR index, with higher numbers denoting more insulin resistance [19] . We examined whether cognitive diagnosis, E4 status, or sex influenced fasting measures using ANCOVA, and these data are presented by cognitive group (NC or CI), and then further subdivided into E4 and sex groups ( table 2 ). The covariates of age and BMI were found to be significant in the fasting glucose analysis (age p = 0.002, BMI p = 0.009); therefore, they were included in all subsequent analyses.
We did not find any significant differences in fasting glucose values by cognitive diagnosis or by E4 status (diagnosis p = 0.3, E4 p = 0.6). However, men showed higher fasting glucose values than women (p = 0.013), and this appeared to be driven by the E4-groups (E4-NC men > E4-NC women, p = 0.0046, and E4-CI men > E4-CI women, p = 0.027). Those with CI had higher fasting insulin levels than those with NC (p = 0.0005), which is similar to past work showing that AD or its precursor MCI has a form of insulin resistance [21] . For fasting insulin, we also noted a cognitive diagnosis × E4 interaction (p = 0.047). Examination of the means revealed that individuals with CI had higher fasting insulin levels than those with NC for all E4 × sex comparisons (p < 0.05) except for E4-men (p = 0.9). The HOMA-IR results paralleled those of fasting insulin, with a higher HOMA-IR for those with CI compared to NC (p = 0.0011), and a cognitive diagnosis × E4 interaction (p = 0.049) such that those with CI had higher or a trend toward higher HOMA-IR levels than those with NC for all E4 × sex groups (p values all <0.1) except for E4-men (p = 0.9).
Given that the CI group encompassed people with MCI as well as with established AD, a separate analysis for fasting insulin was conducted with NC, MCI, and AD as three separate groups, adjusting for age and BMI. Once again, those with NC had lower insulin values than those with any CI; no differences were noted between the MCI and the AD groups (NC 12.8 ± 0.8, MCI 15.4 ± 0.7, AD 16 ± 1.1, NC < MCI and AD, p < 0.05, MCI and AD comparison, p = 0.6). Therefore, the MCI and AD groups were combined.
OGTT Glucose and Insulin
Next, we examined glucose and insulin values obtained during an OGTT using repeatedmeasures ANCOVA with cognitive diagnosis, E4 status, and sex as class variables, glucose at the time points 0, 60 and 120 min as repeated factors, and age and BMI as covariates. The results are displayed graphically in figure 1 , and the adjusted measures are shown in table 3 . Glu0 101 ± 1.3 97.6 ± 1.9 104.8 ± 1.7 102 ± 2.6 103.6 ± 3.6 100.5 ± 0.9 98.1 ± 1.6 103 ± 1.5 99.4 ± 1.9 101.5 ± 1.9 Ins0 11.7 ± 0.9 11.4 ± 1.3 15.3 ± 1.1 10.5 ± 1.9 9.5 ± 2.7 15.6 ± 0.6 14.9 ± 1.2 15.3 ± 1 16.2 ± 1.4 16.1 ± 1.3 HOMA 3 ± 0.3 2.9 ± 0.3 3.9 ± 0.3 2.6 ± 0.5 2.6 ± 0.7 3.9 ± 0.2 3.6 ± 0.3 3.9 ± 0.3 4 ± 0.4 4.2 ± 0.3 Glu0 = Fasting glucose; Ins0 = fasting insulin. Data are given as mean ± SEM, glucose in mg/dl, insulin in μU/ml. All values are adjusted for age and BMI. For Glu0, we found an overall sex effect (men > women, p = 0.013), and least-squares means comparisons showed that this was true for E4-NC men versus E4-NC women (p = 0.0046) and for E4-CI men versus E4-CI women (p = 0.027). E4+ groups did not show a significant sex effect. For Ins0, we found an overall cognitive diagnosis effect (CI > NC, p = 0.0005), and a cognitive diagnosis × E4 effect (p = 0.038), and least-squares means comparisons showed that those with CI had higher fasting insulin levels than those with NC for all E4 × sex groups except for E4-men. For HOMA-IR, we found an overall cognitive diagnosis effect (CI > NC, p = 0.0011), and a cognitive diagnosis × E4 effect (p = 0.049). Similar to fasting insulin, examination of least-squares means revealed that those with CI had higher or a trend toward higher HOMA-IR levels than those with NC for all E4 × sex groups, except for E4-men.
In terms of glucose, cognitive diagnosis was not significant in this model (time × diagnosis p = 0.4, table 3 ); therefore, cognitive groups were combined. The sex and E4 × sex interactions were significant factors in the overall model (time × sex p < 0.0001, time × E4 × sex p = 0.0037). Exploring the time points individually, we again noted that men had significantly higher fasting glucose levels than women, irrespective of E4 status (sex p = 0.013). However, an interesting pattern emerged during the OGTT ( fig. 1 a) . For the E4-participants, the sex difference disappeared at 60 and 120 min (60 min p = 0.29, 120 min p = 0.17; table 3 ). For the E4+ participants, the difference between men and women reversed such that E4+ women showed the highest glucose levels at 60 min, whereas the E4+ men showed the lowest levels (p = 0.0006), and this pattern persisted at 120 min (p = 0.0008).
Next, we examined the effects of cognitive diagnosis, E4 status, and sex on OGTT-induced insulin ( fig. 1 b; table 3 ). Given the smaller number of participants who had insulin values at 60 and 120 min, we were unable to examine all three class variables in the model. Therefore, we analyzed cognitive diagnosis, first in isolation and then separately with sex and E4 status, in the repeated-measures model. Despite having higher fasting insulin levels, those with CI had similar insulin levels at 60 and 120 min to NC (time × diagnosis p = 0.64); therefore, cognitive groups were combined. Unlike glucose levels, insulin values did not differ by sex or E4 status in the overall model (time × sex p = 0.8, time × E4 × sex p = 0.32). Examination of the individual time points showed that E4+ women tended toward higher insulin levels at 60 min than E4-women (p = 0.062). OGTT insulin levels were similar for E4+ and E4-men, despite their significant differences in OGTT glucose values. For example at 60 min, the average insulin level for E4-men was 98 ± 9.1 μU/ml, and for E4+ men it was 93.8 ± 12.1 μU/ ml (p = 0.78). To ensure that the subset of participants with insulin data did not differ with respect to glucose patterns, the glucose analyses were re-run with only those who had OGTT insulin, and the results were unchanged (data not shown). 
Correlations
We next wanted to determine whether E4 status and sex influenced the relationships between metabolic measures of glucose and insulin and age, BMI, and AD-related markers of MMSE and plasma Aβ 42 , using Pearson correlation statistics. These analyses were performed on a subset of patients for whom we had MMSE scores (n = 142) and Aβ 42 (n = 123). We included glucose at 0, 60, and 120 min, insulin at 0 min, and HOMA-IR. We did not include insulin at 60 and 120 min because these data sets were underpowered. All significant patterns were examined by scatter plot, and were not caused by outliers. Significant findings were re-run controlling for cognitive diagnosis, which did not change the pattern of results; therefore, cognitive groups were combined. Table 4 shows Pearson correlations for age, BMI, MMSE, and Aβ 42 regressed against fasting glucose, glucose at 60 min, glucose at 120 min, fasting insulin, and HOMA. Ten of the possible 20 relations were significant. For all participants, age positively correlated with fasting glucose, Glu0 = Fasting glucose; Glu 60 = glucose at 60 min; Glu120 = glucose at 120 min; Ins0 = fasting insulin; Ins60 = insulin at 60 min; Ins120 = insulin at 120 min. Glucose (mg/dl) and insulin (μU/ml) values are presented by E4 status and sex at 0, 60, and 120 min. For glucose, there was a time × sex effect (p < 0.0001), and a time × E4 × sex effect (p = 0.0037). For insulin, there was a time × sex effect (p = 0.8) and a time × E4 × sex effect (p = 0.32). All values are presented as means ± SEM and adjusted for age and BMI. 1 Presented here are p values from the least-squares means comparisons for each time point comparing sex within each E4 group. 2 Presented here are p values from the least-squares means comparisons for each time point comparing E4 status within each sex group. glucose at 60 min, and glucose at 120 min, and inversely correlated with fasting insulin. BMI positively correlated with fasting glucose, insulin, and HOMA-IR. We also noted that higher values on an OGTT were associated with higher plasma Aβ 42 levels and lower MMSE scores.
Next, individual E4 and sex groups were examined, and we found that different patterns segregated with different E4-sex groups ( table 5 ; fig. 2 ). For the E4-women and men, BMI positively correlated with fasting insulin as well as with HOMA-IR, and the E4-men showed an additional inverse correlation with age and fasting insulin. Also, for both E4-women and men, age positively correlated with glucose at 120 min. Finally, for both groups, fasting Aβ 42 positively correlated with fasting glucose, and the E4-women showed an additional positive correlation between fasting Aβ 42 and glucose at 60 min. As presented earlier, these two groups differed only in fasting glucose, but had similar fasting Aβ 42 and similar OGTT glucose values. For the E4+ groups, different patterns were identified. For E4+ women, who displayed the highest OGTT glucose values compared to the other groups, we noted a positive correlation between age and OGTT glucose values at 120 min. However, unlike for E4-women, we did not observe a correlation between BMI and fasting insulin, or between Aβ 42 and fasting glucose. For the E4+ men, who had the lowest OGTT glucose values, there was a correlation between BMI and fasting insulin, but no correlation between age and glucose measures, or between Aβ 42 and fasting glucose. In addition, this group showed a positive correlation between MMSE and HOMA-IR.
Discussion
Summary of Findings
In our study of older adults with CI, we found evidence for insulin resistance in those with CI, that sex influenced basal glucose and insulin levels, and that sex and APOE genotype influenced OGTT glucose results. In particular, we noted that E4+ women displayed the highest whereas E4+ men displayed the lowest OGTT glucose values, and that the relationships between elevated glucose levels and AD risk factors differed among the E4+ and E4-groups.
AD and Glucose and Insulin Metabolism
Peripheral insulin resistance and glucose intolerance are risk factors for developing AD [3, 22, 23] . People with AD have a form of insulin resistance characterized by higher fasting insulin, abnormal insulin responses to a glucose load, elevated markers of insulin resistance in the brain, and increasing insulin required to have an effect on cognitive changes, than normal controls [5, 6, 8, 21] . Here, we confirmed that individuals with CI had higher fasting insulin than those with NC, and this finding was noted for both the MCI and AD groups, suggesting that insulin resistance may develop early in the disease process. This finding also held for all E4 × sex group comparisons, with the exception of E4-men who tended to have similar fasting insulin levels despite their cognitive diagnosis. We did not detect any differences in OGTT glucose and insulin levels between the cognitive groups. Others have noted similar OGTT glucose values for AD patients compared to controls; however, one group noted higher OGTT insulin levels in those with AD [24, 25] . 
APOE Influences on AD and Glucose and Insulin Metabolism
Prolonged peripheral hyperinsulinemia is associated with decreases in CSF insulin levels, which could then impair amyloid clearance and neuronal signaling [3, 4, 26] . However, this inverse relationship between peripheral and brain insulin is less robust in E4 carriers. Fasting hyperinsulinemia and low early insulin release were associated with an increased risk of AD, but only in E4-adults [7, 8] . Although both E4+ and E4-groups with AD demonstrated low CSF insulin, only E4-individuals showed a relationship between CSF and plasma insulin, and between CSF Aβ and plasma insulin and glucose measures [6, 9] . Importantly, E4+ individuals demonstrated less cognitive benefit from insulin-related therapeutics for AD including insulin infusions, the insulin sensitizer rosiglitazone, and regular and rapid-acting intranasal insulin [10] [11] [12] [13] [14] . Conversely, long-acting intranasal detemir insulin improved cognition and reduced peripheral insulin resistance in E4+ participants, whereas E4-individuals showed opposite results [27] . Whether E4 status influences treatment response may also depend on the patients' sex. In a responder analysis of higher doses of regular intranasal insulin, E4-men improved on memory testing, E4-women worsened, and E4+ groups showed no effect [15] . In summary, the relationship between brain insulin, peripheral insulin, and AD biomarkers depends on the E4 status, and may be further modulated by sex.
In our sample of older adults, we noted that men had higher fasting glucose levels than women, but that response to a glucose stressor depended on both the E4+ status and sex. Others have similarly reported that men have higher rates of impaired fasting glucose than women, whereas women have higher postprandial glucose levels [28] . It is known that E4+ status increases the risk of hyperlipidemia; less is known about its influence on glucose and insulin metabolism [29] . The majority of studies have found that the APOE genotype does not influence fasting glucose and insulin levels, consistent with our data [30, 31] . Studies examining APOE and OGTT have shown mixed results. A study in American Indian adults noted higher 2-hour OGTT glucose levels in E4+ compared to E3+ women, and nonsignificantly lower glucose values in E4+ men, similar to our findings [31] . Others have shown that E4+ men have higher OGTT glucose and insulin; however, rates of diabetes were higher in some E4+ groups [32] [33] [34] . In our sample, which differed from other studies by the inclusion of individuals with CI and the exclusion of diabetics, E4+ women displayed higher glucose excursions compared to E4-men and women, and we observed that E4+ men showed the lowest level, in response to a glucose stressor. Interestingly, E4+ men demonstrated OGTT insulin levels similar to the other groups, suggesting that glucose differences may be driven by factors other than insulin secretion. Craft et al. [11] demonstrated that E4-patients with AD had lower insulin-mediated glucose disposal rates than E4+ patients, yet similar C peptide levels, indicating that differential insulin clearance rates could account for E4-specific responses to insulin infusions. Given that the mechanisms for how peripheral insulin resistance leads to increased AD are not completely understood, it is unknown how E4 carrier status might modulate these mechanisms. One potential mechanism is that due to differences in lipid metabolism in E4+ individuals (here, particularly E4+ men), they may be insulin sensitive at baseline, and therefore unable to benefit from insulin sensitizers impacting on brain function. Formal analysis of glucose and insulin metabolism, such as hyperglycemic clamp data, would help confirm these findings and establish potential mechanisms for E4-related differences.
Relationship between Glucose Tolerance and AD Risk Factors
Our correlation patterns suggest that in this group of older adults with AD risk factors and CI, we see the known associations between age, BMI, and glucose metabolism markers, such as BMI correlating with HOMA, fasting insulin, and fasting glucose. Interestingly, only aspects of these overall relations were found in subset analyses, and these tended to segregate with regard to sex and APOE genotype. Although loss of correlations may be caused in part by the decreased power in subset analyses, this, in turn, makes those preserved trends even more intriguing. For example, age is a known risk factor for AD and for impaired glucose tolerance [35] , and in all groups, except E4+ men, age positively correlated with OGTT glucose values. In addition, E4+ men showed an inverse association between MMSE and HOMA-IR scores such that higher insulin resistance was associated with higher MMSE scores. For E4+ women, who had the highest OGTT glucose values, they did not show an association between BMI and fasting glucose and insulin measures. The APOE genotype also influenced the relationship between plasma Aβ 42 and fasting glucose. For both E4-groups, higher Aβ 42 was associated with higher fasting glucose. These relationships were not seen for the E4+ groups. These results suggest that traditional risk factors for glucose intolerance may not be as strongly associated in E4+ individuals, which may explain, in part, why glucose and insulin metabolic abnormalities are not as strongly linked to CI in this group. In addition, recent longitudinal studies have shown that E4 carrier status is a stronger risk factor for women than for men [16] . Further analyses of known insulin resistance risk factors, such as age, BMI, and abdominal adiposity in E4+ and E4-men and women, would help clarify these findings.
Plasma Aβ and Glucose Metabolism
Elevated OGTT glucose and fasting insulin were associated with increased amyloid plaques in one autopsy study [36] . Experimental evidence supports this association, as an oral glucose load increased plasma Aβ levels in adults with AD [37] . As noted with insulin, this association between glucose intolerance and amyloid may be limited to E4-individuals. Only E4-individuals showed a relationship between CSF Aβ and the CSF-to-plasma glucose ratio [27] ; moreover, in E4-individuals, memory improvement and a reduction in plasma amyloid precursor protein were observed in response to insulin infusion; E4+ adults had no changes in memory, and their plasma amyloid precursor protein increased in response to insulin [10] . As noted above, there was a correlation between higher plasma Aβ 42 and higher fasting glucose in E4-men and women, and with higher OGTT glucose values in E4-women; these correlations were absent in the E4+ groups. These data continue to support a pathologic link between insulin resistance, glucose intolerance, and increases in pathologic Aβ, but suggest that the link is predominantly limited to E4-individuals.
Limitations/Future Directions
Limitations of this study include that this was a post hoc analysis of a convenience sample of several different studies, and the studies were not designed initially to examine the E4 and sex groups a priori, limiting the ability to generalize results. We did not have enough data at 30 min to calculate some of the known measures derived from an OGTT, such as the oral disposition index [38] . Further interventional studies examining more detailed OGTT responses, such as early-versus late-phase insulin secretion, would be informative. In addition, we did not have data on CSF measures, and future studies looking at CSF biomarkers including Aβ, insulin, and other brain-related markers of insulin function would be useful to confirm these findings and expound on their significance to AD. Analysis of human experimental data in response to insulin treatments as well as APOE-specific animal models of AD will help us further understand the role of insulin in brain functions and how this may differ by APOE genotype.
Conclusions
Insulin resistance is a risk factor for developing AD, and treatments which improve brain insulin signaling are promising. However, E4+ individuals, who are at a higher risk of developing AD, do not respond as robustly to insulin-related AD therapies and do not show as strong a link between peripheral insulin resistance and AD. Here, we continue to show evidence of insulin resistance in those with AD and those with CI likely to develop to AD. In addition, we found that E4 status and sex influence glucose tolerance in older adults, as E4+ women had higher and E4+ men had lower glucose values on an OGTT despite similar levels of insulin. We also show that E4 status attenuates correlations between OGTT glucose values and age, MMSE, and plasma Aβ 42 . Understanding how the APOE genotype influences peripheral glucose and insulin metabolism may help us understand why E4+ carrier status is a higher risk factor for women than for men, and why E4+ individuals respond less favorably to insulinrelated therapeutics for AD.
